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Multilocus Sequence Typing Identifies Epidemic Clones of
Flavobacterium psychrophilum in Nordic Countries
Hanne Nilsen,a Krister Sundell,b Eric Duchaud,c Pierre Nicolas,d Inger Dalsgaard,e Lone Madsen,e Anna Aspán,f Eva Jansson,f
Duncan J. Colquhoun,a Tom Wiklundb
Norwegian Veterinary Institute, Bergen, Norwaya; Åbo Akademi University, Turku, Finlandb; INRA, Virologie et Immunologie Moléculaires, UR892, Jouy-en-Josas, Francec;
INRA, Mathématique Informatique et Génome, UR1077, Jouy-en-Josas, Franced; National Veterinary Institute, Technical University of Denmark, Frederiksberg, Denmarke;
National Veterinary Institute, Section of Fish, Uppsala, Swedenf
Flavobacterium psychrophilum is the causative agent of bacterial cold water disease (BCWD), which affects a variety of freshwa-
ter-reared salmonid species. A large-scale study was performed to investigate the genetic diversity of F. psychrophilum in the
four Nordic countries: Denmark, Finland, Norway, and Sweden. Multilocus sequence typing of 560 geographically and tempo-
rally disparate F. psychrophilum isolates collected from various sources between 1983 and 2012 revealed 81 different sequence
types (STs) belonging to 12 clonal complexes (CCs) and 30 singleton STs. The largest CC, CC-ST10, which represented almost
exclusively isolates from rainbow trout and included the most predominant genotype, ST2, comprised 65% of all isolates exam-
ined. In Norway, with a shorter history (<10 years) of BCWD in rainbow trout, ST2 was the only isolated CC-ST10 genotype,
suggesting a recent introduction of an epidemic clone. The study identified five additional CCs shared between countries and five
country-specific CCs, some with apparent host specificity. Almost 80% of the singleton STs were isolated from non-rainbow
trout species or the environment. The present study reveals a simultaneous presence of genetically distinct CCs in the Nordic
countries and points out specific F. psychrophilum STs posing a threat to the salmonid production. The study provides a signifi-
cant contribution toward mapping the genetic diversity of F. psychrophilum globally and support for the existence of an epi-
demic population structure where recombination is a significant driver in F. psychrophilum evolution. Evidence indicating dis-
semination of a putatively virulent clonal complex (CC-ST10) with commercial movement of fish or fish products is
strengthened.
Flavobacterium psychrophilum, a bacterium belonging to thefamily Flavobacteriaceae, is considered one of the most impor-
tant bacterial pathogens in freshwater salmonid aquaculture
worldwide. It is recognized as the causative agent of bacterial cold
water disease (BCWD), a condition that has been variously re-
ferred to as rainbow trout fry syndrome, fry mortality syndrome,
low-temperature disease, and peduncle disease (1, 2). Since no
commercial vaccines are available today against BCWD, its con-
trol relies mainly onmanagement hygiene and antibacterial treat-
ment. Clinical symptoms associated with F. psychrophilum infec-
tions vary between bacterial strain and host fish species. If BCWD
is left untreated, high mortalities due to sepsis generally occur in
species such as rainbow trout (Oncorhynchus mykiss) and coho
salmon (O. kisutch), which are considered particularly susceptible
to the disease (3). The bacterium is also known to cause consider-
able losses in farmed and natural populations of ayu (Plecoglossus
altivelis altivelis) (4). In less susceptible salmonid species, e.g., At-
lantic salmon (Salmo salar) and brown trout (S. trutta), the disease
often manifests as fin/tail rot or ulceration, although outbreaks of
systemic infections in these species have also been reported (5). F.
psychrophilum has also been identified in association with disease
in several nonsalmonid species (1, 6, 7).
F. psychrophilum can be transmitted horizontally from fish to
fish, and vertical transmission through eggs and sexual fluids is
also suspected (8–10), although the occurrence of the bacterium
inside eggs is debated (11, 12). However, it is still unclear whether
virulent strains of the bacterium are endemic in the environment
or whether pathogenic strains are spread to new areas with the
trade of fish and eggs. Initially, BCWD seemed limited to North
America (3, 13), until the mid-1980s, when the pathogen was de-
scribed on the European continent (14–19) and subsequently in
the Pacific region (4, 20–22). In the Nordic countries, where F.
psychrophilum currently constitutes the main threat to rainbow
trout production, BCWD was first reported in Denmark in 1985
(23, 24) and in Sweden and Finland in 1986 and 1993, respectively
(25). In Norway, F. psychrophilum was considered a minor prob-
lem in brown trout and salmon hatcheries until 2008, when an
epidemic of systemic disease caused high mortalities in several
rainbow trout farms (26). In Iceland, the number of outbreaks in
rainbow trout is low but appears to be increasing (Gísli Jónsson,
personal communication).
Due to the fairly recent emergence (in relation to the original
import of rainbow trout to the countries in question) of BCWD in
the Nordic countries, the present study, utilizing a standardized
multilocus sequence typing (MLST) scheme (27), was initiated to
examine the population genetics of F. psychrophilum in this region
and further investigate the hypothesis (26) of recent import of an
Received 20 December 2013 Accepted 13 February 2014
Published ahead of print 21 February 2014
Editor: C. A. Elkins
Address correspondence to Hanne Nilsen, hanne.nilsen@vetinst.no, or Krister
Sundell, krister.sundell@abo.fi.
H.N. and K.S. contributed equally to this article.
Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.04233-13.
Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AEM.04233-13
2728 aem.asm.org Applied and Environmental Microbiology p. 2728–2736 May 2014 Volume 80 Number 9
 o
n
 April 22, 2014 by TECH KNO
W
LEDG
E CTR O
F DENM
ARK
http://aem
.asm
.org/
D
ow
nloaded from
 
epidemic clone. MLST of a variety of clinical and environmental
isolates covering the period between initial recognition of BCWD
in this part of Europe until present time represents the largest
study of its type to date.
MATERIALS AND METHODS
Bacterial isolates. The 560 Flavobacterium psychrophilum isolates used in
the present study (see Table S1 in the supplemental material) were col-
lected between 1983 and 2012 from a wide variety of sources in Denmark
(n 209), Finland (n 195), Norway (n 117), and Sweden (n 36)
and included the reference strains NCIMB 1947T, THC02/90, and
JIP02/86 originally isolated outside the Nordic region. The isolates were
cultured on Anacker and Ordals medium (28) or TYES agar (29) and
identified by using routine diagnostic procedures, i.e., biochemical char-
acterization (30, 31), sequencing of 16S rRNA gene or species-specific
PCR (32, 33). The collection comprised isolates from 10 different fish
species: rainbow trout (n 448), Atlantic salmon (n 52), brown trout
(n 26), perch (Perca fluviatilis) (n 11), three-spined stickleback (Gas-
terosteus aculeatus) (n 3), coho salmon (n 2), arctic char (Salvelinus
alpinus) (n  1), brook trout (Salvelinus fontinalis) (n  1), flounder
(Platichthys flesus) (n 1), and char hybrid (Salvelinus fontinalis Salve-
linus namaycush) (n 1). F. psychrophilum from rainbow trout included
isolates from eggs (n  4), ovarian fluid (n  10), and milt (n  12).
Environmental isolates from water samples (n  11) from fish farm en-
vironments, as well as three rough laboratory mutant strains prepared
from isolated smooth colony types by repeated passages in TYES broth
(34), were included in the collection.
MLST. Genomic DNA was extracted using various commercially
available kits according to the manufacturer’s instructions. Partial se-
quences from atpA, dnaK, fumC, gyrB, murG, trpB, and tuf genes were
amplified and sequenced according to the methods of Siekoula-Nguedia
et al. (35) (Danish, Finnish, and Norwegian isolates) and Nicolas et al.
(27) (Swedish isolates), respectively. Both strands of the amplified se-
quences were sequenced (Sanger), and all chromatograms were manually
verified to ensure high quality before assignation of allele types (ATs)
and sequence types (STs) using an “in-house” Perl script. Alleles, STs,
and background information on the isolates were submitted to the F.
psychrophilum MLST database (http://pubmlst.org/fpsychrophilum/).
Reference strains were included as internal controls in all amplification
and sequencing analyses.
MLST data analysis. After assignation of a seven-numbered allelic
profile (i.e., ST), clonal complexes (CCs)were identified using eBURST v3
(eburst.mlst.net). The predicted ancestral genotype (founder) of a CC
containing three or more STs was defined as the ST with the highest
number of single-locus variants.Major complexes included three ormore
STs and were named according to the ST of the predicted founder. Minor
CCs containing only two STswere named after themost represented STor
by default by the STwith the lower numbering. Singletons were defined as
an ST not belonging to any CC. Clonal relationships were examined using
both relaxed and stringent default settings, i.e., five or six shared alleles,
respectively. Bootstrapping (n 1,000) was performed to evaluate model
robustness.
Population genetic and phylogenetic analyses. Gene diversity (H)
and the level of linkage disequilibrium (nonrandom association) between
the ATs found at the seven MLST loci, as measured by the standardized
index of association (ISA) (36), were investigated using LIAN 3.6. Three
data sets were tested: the whole population, single representatives of each
ST (81 STs), and founder STs of each CC, together with singleton STs (42
STs). A network representation of the evolutionary relationships between
STs was constructed on concatenated sequences using the neighbor-net
algorithm (with default settings) available in SplitsTree 4 software (http:
//splitstree.org/). Recombination within the concatenated sequences of
each ST was tested using the pairwise homoplasy index (PHI) test also
implemented in SplitsTree 4.
Nucleotide sequence accession numbers.Nucleotide sequences have
been deposited in the GenBank database under accession numbers
KJ366498 to KJ370396.
RESULTS
MLST data analysis. MLST of 560 F. psychrophilum isolates in-
cluded in the study revealed 81 different STs, 68 of which were
novel (http://pubmlst.org/fpsychrophilum/). The greatest na-
tional variation of genotypes was found in the Finnish collection,
with 36 different STs compared to 28, 20, and 17 found in Den-
mark, Norway, and Sweden, respectively. The three smooth-to-
rough converted Finnish isolates did not change ST after conver-
sion. eBURST clustering (Fig. 1) divided the 81 STs into seven
major CCs, five minor CCs, and 30 singleton STs (Table 1). The
major CCswere designatedCC-ST10 (14 STs), CC-ST123 (6 STs),
CC-ST124 (6 STs), CC-ST125 (3 STs), CC-ST138 (3 STs), CC-
ST191 (6 STs), and CC-ST236 (3 STs).
The largest CC,CC-ST10, represented 65%of the total number
and 79, 59, 46, and 56% of the Danish, Finnish, Norwegian, and
Swedish isolates, respectively. CC-ST10 included almost exclu-
sively isolates from rainbow trout (Fig. 1, Table 1). Brown trout
isolates belonging to this complex originated from gills in fish
caught downstream from rainbow trout farms infected by F. psy-
chrophilum. Isolates from rainbow trout belonged almost every
year mainly to CC-ST10 (Fig. 2), which included the reference
strain F. psychrophilum JIP02/86, a virulent strain belonging to
ST20 isolated in France (37). CC-ST10 isolates were recovered
both from internal and external organs, but also from milt, eggs,
and ovarian fluid (see Table S1 in the supplemental material).
CC-ST10 contained 14 different STs of which in this collection
ST10 was predicted to be the primary founder (Fig. 1). Most ST10
isolates originated from Denmark and were collected recurrently
through the years. ST2, subgroup founder of CC-ST10, was the
most predominant genotype, being represented by 157 isolates,
i.e., 28% of the total data set. Although predominantly isolated in
Norway and Denmark, ST2 was also identified in Finland and
Sweden. Interestingly, ST2 was the only genotype belonging to
CC-ST10 found in Norway. The other predicted subgroup
founder in CC-ST10, ST79 (n  60), was mostly found in Den-
mark and Finland. In addition to causing problems in fish farms in
these countries from 1988 to 2006, ST79 was isolated from a feral
rainbow trout in Finland in 1993. ST12 (n  25) and ST92 (n 
71) belonging to CC-ST10, were recurrently isolated in Denmark,
Finland, and Sweden. Although ST12 was identified already in
1988, outbreaks of ST92 (n  71) had been occurring more re-
cently (Fig. 3).
eBURST revealed five additional CCs shared between the Nor-
dic countries. CC-ST124 (6 STs) found in each country shared
only few common alleles with CC-ST10 and was dominated by
Finnish rainbow trout isolates but also included Atlantic salmon
isolates from Finland and Norway. CC-ST191 (6 STs) included
isolates fromall countries except Sweden and comprisedmainly of
Danish rainbow and brown trout isolates (Table 1). CC-ST121 (2
STs), CC-ST138 (3 STs), andCC-ST236 (3 STs) were all identified
in Finland and included isolates from Norway, Denmark, and
Sweden, respectively. SomeCCs showed limited distribution. CC-
ST123 containing 12 isolates fromAtlantic salmon or brown trout
was exclusively found in Norway. CC-ST125 with 17 rainbow
trout-associated isolates was limited to Finland. CC-ST138 was
limited to rainbow trout and originated from Finland and Den-
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mark. The remainder of the isolates was distributed between four
minor CCs and 30 singletons (Table 1), which were identified
from a diverse array of fish hosts, including Atlantic salmon,
brown trout, and perch. Interestingly, the type strain NCIMB
1947T isolated from Coho salmon in the United States seems
closely related to a Finnish sea trout isolate (ST13) in CC-ST13.
MLST revealed that individual disease outbreaks in Atlantic
salmon, perch, and rainbow trout sometimes involved more than
one ST or CC. Coinfections of the same individual fish by distinct
STs were, however, only observed in rainbow trout.
Population genetic and phylogenetic analyses.Genetic diver-
sity (H) in the total data set was estimated to be 0.6127 0.0420.
Limiting the analysis to rainbow trout isolates reducedH to 0.4589
0.0622, while non-rainbow trout isolates alone resulted in an H of
0.8733  0.0108. The rainbow trout isolates from Denmark (H 
0.3949  0.0501), Finland (H  0.5401  0.0626), and Sweden
(H 0.4594 0.0714) showed a similar range of diversity, while
corresponding Norwegian isolates showed amuch lower diversity
(H  0.0870  0.0145). The ISA value for the whole population
was estimated to be 0.5419, which differed significantly from zero
(P  0.05) and thus rejected the null hypothesis of linkage equi-
librium. Avoiding overrepresentation of particular genotypes by
restricting the analysis to single representatives of the 81 STs iden-
tified in the study, decreased the ISA value to 0.2353 (P 0.05). By
further limiting the analysis to one representative (the founder)
for each CC (12 STs) and singleton (30 STs), the ISA value fell to
0.1253 (P 0.05), closer to linkage equilibrium. A PHI test con-
ducted for the concatenated sequences of each ST showed statis-
tically significant evidence of recombination (P  0.0). A reticu-
lated structure consistent with the presence of recombination
events in the history of the studied genotypes can be seen in the
phylogenetic network reconstructed with SplitsTree (Fig. 4).
DISCUSSION
As aquaculture production continues to expand and intensify,
more efficient pathogen control strategies are required to ensure
animal health. Infections with F. psychrophilum pose a significant
threat to salmonid farming around the world and preventative
measures are urgently needed. To be able tomonitor the spread of
this important pathogen on a global scale, quick and reproducible
typing methods are required. MLST using sequences of (usually
seven) housekeeping genes has become the gold standard for bac-
terial typing and population analysis due to its discriminatory
power and portability between laboratories, making it amenable
to international collaboration.
MLST data can be used to investigate the genetic relatedness
among bacterial species. However, the true evolutionary relation-
ship between STs can be distorted by the high level of recombina-
tion in F. psychrophilum reported in previous studies (27, 38). In
our analyses, recombination is clearly visible from the results of
the PHI test and from the level of reticulation of the phylogenetic
network (Fig. 4).Despite the high levels of recombination, theATs
at the 7 MLST loci were found to be in linkage disequilibrium.
This result should be interpreted as a direct consequence of the
high level of clonality which is also in keeping with the output of
eBURST analysis that delineated large CCs in our data set (Fig. 1).
FIG 1 Population snapshot of 560 F. psychrophilum isolates representing 81 STs divided into 12 CCs and 30 singleton STs by the eBURST algorithm. Each dot
represents an ST, and the frequency of the ST correlates with the size of the dot. STs that differ by a single locus are linked together into a CC (circled).
Nilsen et al.
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TABLE 1 Clonal complexes and singletons with default and relaxed eBURST group definitionsa
Clonal complex or
singletonb Country Source(s)c
Yr(s) of
isolation n ST Allelic profile
Clonal complexes
CC-ST10 Denmark RbT (84); RbTM (3); RbTOF (3); BrT (3); water (3) 1990–2012 96 ST2 2, 2, 2, 2, 2, 2, 2
CC-ST10 Finland RbT 2011 6 ST2 2, 2, 2, 2, 2, 2, 2
CC-ST10 Norway RbT 2004–2012 54 ST2 2, 2, 2, 2, 2, 2, 2
CC-ST10 Sweden RbT 2002 1 ST2 2, 2, 2, 2, 2, 2, 2
CC-ST10 Denmark RbT 1990–2011 25 ST10 2, 8, 2, 2, 2, 2, 2
CC-ST10 Finland Water 1999 1 ST10 2, 8, 2, 2, 2, 2, 2
CC-ST10 Sweden RbT 1994–2003 2 ST10 2, 8, 2, 2, 2, 2, 2
CC-ST10 Denmark RbT 1992–1995 4 ST12 2, 8, 2, 2, 2, 7, 2
CC-ST10 Finland RbT (11); RbTOF (1) 1996–2003 12 ST12 2, 8, 2, 2, 2, 7, 2
CC-ST10 Sweden RbT 1988–2011 8 ST12 2, 8, 2, 2, 2, 7, 2
CC-ST10 France RbT (reference strain JIP02/86) 1986 1 ST20 8, 8, 2, 2, 2, 2, 2
CC-ST10 Denmark RbTOF 1999 2 ST26 2, 15, 2, 2, 2, 2, 2
CC-ST10 Denmark RbT 1988–1995 25 ST79 2, 8, 8, 2, 2, 2, 2
CC-ST10 Finland RbT 1993–2006 30 ST79 2, 8, 8, 2, 2, 2, 2
CC-ST10 Sweden RbT 1991 3 ST79 2, 8, 8, 2, 2, 2, 2
CC-ST10 Finland RbT 2009 3 ST91 2, 2, 2, 2, 2, 41, 2
CC-ST10 Denmark RbT 2006–2011 7 ST92 3, 2, 2, 2, 2, 41, 2
CC-ST10 Finland RbT (56); RbTE (3) 2008–2011 59 ST92 3, 2, 2, 2, 2, 41, 2
CC-ST10 Sweden RbT 2011 5 ST92 3, 2, 2, 2, 2, 41, 2
CC-ST10 Denmark RbT (3); RbTOF (2); RbTM (1); water (1) 1999 7 ST98 2, 2, 2, 2, 2, 48, 2
CC-ST10 Sweden RbT 1990 1 ST128 2, 8, 2, 2, 2, 48, 2
CC-ST10 Finland RbT 2003–2006 3 ST128 2, 8, 2, 2, 2, 48, 2
CC-ST10 Finland RbT 2003 1 ST130 8, 8, 8, 2, 2, 2, 2
CC-ST10 Sweden RbT 1992–1994 3 ST235 2, 8, 8, 2, 2, 3, 2
CC-ST10 Sweden RbT 1994 1 ST238 2, 8, 8, 2, 2, 49, 2
CC-ST10 Sweden RbT 1995–1996 3 ST240 2, 8, 8, 2, 2, 7, 2
CC-ST124 Denmark RbT 1990 1 ST70 1, 13, 15, 14, 1, 7, 1
CC-ST124 Finland AtS 1999 1 ST70 1, 13, 15, 14, 1, 7, 1
CC-ST124 Norway AtS 2009 9 ST70 1, 13, 15, 14, 1, 7, 1
CC-ST124 Finland RbT 1996 1 ST73 8, 13, 15, 14, 1, 7, 1
CC-ST124 Finland RbT 2011 18 ST124 2, 13, 15, 14, 1, 7, 1
CC-ST124 Finland RbT 2011 5 ST126 2, 13, 15, 16, 1, 7, 1
CC-ST124 Sweden RbT 2011 2 ST126 2, 13, 15, 16, 1, 7, 1
CC-ST124 Finland RbT 2008 1 ST129 2, 13, 2, 14, 1, 7, 1
CC-ST124 Norway AtS 2008–2012 5 ST187 9, 13, 15, 14, 1, 7, 1
CC-ST191 Finland RbT 1997 1 ST140 4, 3, 22, 3, 3, 7, 3
CC-ST191 Denmark RbT (2); RbTM (4) 1999 6 ST176 4, 3, 22, 2, 3, 3, 3
CC-ST191 Denmark RbT 2001–2006 4 ST181 4, 3, 22, 3, 3, 3, 2
CC-ST191 Norway RbT 2009 3 ST181 4, 3, 22, 3, 3, 3, 2
CC-ST191 Denmark RbT 2006 1 ST183 4, 3, 22, 3, 32, 3, 3
CC-ST191 Denmark BrT 2000 1 ST191 4, 3, 22, 3, 3, 3, 3
CC-ST191 Denmark BrT (1); RbT (4) 1995–2000 5 ST192 4, 3, 22, 3, 20, 3, 3
CC-ST123 Norway AtS 1997 1 ST123 4, 49, 22, 11, 6, 3, 3
CC-ST123 Norway AtS 2006–2012 7 ST168 4, 49, 8, 11, 6, 3, 3
CC-ST123 Norway AtS 2010 1 ST172 9, 49, 8, 11, 6, 3, 3
CC-ST123 Norway AtS 2010 1 ST173 4, 52, 22, 11, 6, 3, 3
CC-ST123 Norway AtS 1996 1 ST184 4, 49, 22, 11, 6, 50, 3
CC-ST123 Norway BrT 1997 1 ST185 4, 49, 15, 11, 6, 3, 3
CC-ST125 Finland RbT (8); RbTOF (1); water (1) 1997–2012 10 ST125 1, 13, 15, 2, 2, 7, 2
CC-ST125 Finland RbT 2000 6 ST131 1, 1, 15, 2, 2, 7, 2
CC-ST125 Finland RbTOF 2000 1 ST135 1, 13, 15, 2, 2, 3, 2
CC-ST138 Denmark RbT 1995 5 ST138 11, 29, 8, 3, 32, 41, 31
CC-ST138 Finland Rbt 2005 4 ST138 11, 29, 8, 3, 32, 41, 31
CC-ST138 Denmark RbTM 1999 2 ST178 15, 29, 8, 3, 32, 41, 31
CC-ST138 Denmark RbTM 1999 1 ST179 11, 29, 8, 3, 32, 53, 31
CC-ST236 [CC-ST191] Finland RbT 1995 1 ST139 8, 50, 22, 3, 3, 3, 3
CC-ST236 [CC-ST191] Sweden RbT 1991 1 ST234 8, 8, 22, 3, 3, 2, 3
CC-ST236 [CC-ST191] Sweden RbT (1); BrT (1) 1992 2 ST236 8, 50, 22, 3, 3, 2, 3
(Continued on following page)
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This interpretation is corroborated by the observed reduction in
ISA when linkage analysis was limited to single ST representatives
(ISA 0.2353) and to one ST of each CC (founder) and singleton
(ISA  0.1253). The observed clonality in the whole population
could be explained by the dominance of clonal lineages relatively
unbroken by horizontal gene transmission either as a result of
niche specialization (i.e., host adaptation), physical barriers, or
recent introduction. Of note, the main part of the isolates were
collected from disease outbreaks which certainly contribute to an
overrepresentation of the virulent clones in our sample and thus
to the observed level of clonality. Nevertheless, the present study
also included isolates from sources where the bacterium was sus-
pected to have a more opportunistic or accidental role.
Taking the large number of isolates into account, our results
TABLE 1 (Continued)
Clonal complex or
singletonb Country Source(s)c
Yr(s) of
isolation n ST Allelic profile
CC-ST121 Finland BrT 1993 1 ST121 32, 23, 8, 10, 10, 22, 42
CC-ST121 Norway AtS (1); BrT (2) 1998–2009 3 ST121 32, 23, 8, 10, 10, 22, 42
CC-ST121 Norway AtS 2009 2 ST170 32, 23, 8, 10, 10, 52, 42
CC-ST34 Finland Per 2006 5 ST34 1, 20, 15, 3, 16, 6, 18
CC-ST34 Finland Per 2006 1 ST196 1, 55, 15, 3, 16, 6, 18
CC-ST193 Denmark RbT; StB (2) 2000 3 ST193 4, 18, 22, 17, 2, 3, 47
CC-ST193 Denmark BrT (1); StB (1) 2000 2 ST194 4, 49, 22, 17, 2, 3, 47
CC-ST35 Finland BrT 1996 1 ST35 12, 21, 8, 7, 17, 19, 19
CC-ST35 Finland RbT 2008 1 ST197 12, 21, 8, 7, 17, 7, 19
CC-ST13 USA CoS (reference strain THC02/90) 1990 1 ST9 4, 7, 6, 5, 6, 5, 4
CC-ST13 Finland BrT 1996 1 ST13 4, 7, 6, 5, 6, 8, 4
CC-ST13 USA CoS (type strain NCIMB 1947T) Unknown 1 ST13 4, 7, 6, 5, 6, 8, 4
Singletons
Singleton Finland BrT (1); ACh (1); AtS (1); water (3) 1996–2000 6 ST23 9, 13, 11, 7, 9, 13, 12
Singleton Norway AtS (5); BrT (5); AtSOF (2) 1997–2012 12 ST23 9, 13, 11, 7, 9, 13, 12
Singleton Denmark RbT 1995 1 ST31 3, 19, 13, 9, 12, 16, 15
Singleton Finland RbT (1); AtS (1); BrT (1) 1994, 2011 3 ST36 13, 22, 8, 10, 6, 20, 20
Singleton Finland BkT 1996 1 ST37 13, 21, 16, 7, 17, 21, 21
Singleton Norway BrT 1997 1 ST37 13, 21, 16, 7, 17, 21, 21
Singleton Denmark RbT 1991 1 ST120 31, 46, 9, 10, 35, 50, 14
Singleton Finland RbT 1983 1 ST122 10, 48, 12, 10, 10, 47, 14
Singleton Norway AtS 1999–2008 4 ST122 10, 48, 12, 10, 10, 47, 14
Singleton Finland Per 2006 2 ST127 8, 37, 8, 2, 36, 47, 18
Singleton [CC-ST132] Finland Per (2); water (1) 2000 3 ST132 11, 49, 2, 11, 3, 3, 3
Singleton Finland Water 2000 1 ST133 33, 37, 8, 5, 2, 26, 2
Singleton [CC-ST134] Finland Per 2000 1 ST134 34, 19, 8, 5, 37, 24, 20
Singleton Finland RbTE 2010 1 ST137 4, 21, 26, 5, 14, 49, 20
Singleton Finland AtS 1999 1 ST141 21, 23, 8, 7, 38, 51, 42
Singleton Norway AtS 2009 1 ST169 8, 3, 15, 1, 1, 1, 1
Singleton Norway AtS (6); BrT (1) 1998–2012 7 ST171 7, 51, 8, 17, 33, 17, 43
Singleton [CC-ST191] Denmark RbT 1999 1 ST175 4, 43, 2, 3, 22, 3, 3
Singleton Denmark RbTM 1999 2 ST177 4, 29, 16, 5, 2, 49, 20
Singleton Denmark RbT 2006 2 ST180 35, 21, 8, 7, 28, 19, 44
Singleton [CC-ST182] Denmark RbT 2006 1 ST182 15, 53, 8, 7, 30, 54, 45
Singleton Norway BrT 1997 2 ST186 13, 22, 8, 10, 17, 22, 42
Singleton [CC-ST134] Norway BrT 1997 1 ST188 34, 19, 26, 5, 39, 24, 20
Singleton Denmark RbT 2006 1 ST190 2, 37, 8, 2, 16, 47, 46
Singleton Denmark Flo 2000 1 ST195 18, 54, 22, 3, 40, 3, 3
Singleton Finland AtS 1999 1 ST198 2, 28, 8, 10, 17, 19, 42
Singleton [CC-ST191] Denmark RbT 2005 1 ST207 4, 19, 2, 3, 3, 3, 3
Singleton Denmark RbT 1995 1 ST231 38, 21, 28, 2, 18, 20, 53
Singleton Norway AtS 2012 1 ST232 28, 62, 15, 2, 25, 1, 54
Singleton [CC-ST182] Sweden RbT 1991 1 ST233 39, 53, 8, 7, 30, 54, 2
Singleton [CC-ST132] Sweden BrT 1993 1 ST237 11, 49, 2, 11, 44, 2, 3
Singleton Sweden ChH 1994 1 ST239 8, 63, 31, 3, 2, 3, 3
Singleton Sweden RbT 2001 1 ST241 2, 13, 15, 14, 1, 2, 2
a The table shows the country of origin and the source of F. psychrophilum, the year of isolation, the number of isolates (n), the sequence type (ST), and the allelic profile (trpB,
gyrB, dnaK, fumC, murG, tuf, and atpA). Sources: ACh (Salvelinus alpinus), AtS (Salmo salar), BkT (Salvelinus fontinalis), BrT (Salmo trutta), ChH (Salvelinus fontinalis x Salvelinus
namaycush), CoS (Oncorhynchus kisutch), Flo (Platichthys flesus), Per (Perca fluviatilis), RbT (Oncorhynchus mykiss), StB (Gasterosteus aculeatus).
b Clonal complexes (CC) and singletons with default and relaxed (indicated in brackets) eBURST group definitions are shown.
c Superscripts: OF, ovarian fluids; M, milt; E, eggs. Where several sources are indicated, the numbers of isolates from each source are indicated within parentheses.
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strongly support the proposed epidemic population structure of
F. psychrophilum (27, 35, 39), where highly successful epidemic
clones have arisen from a generally recombinant background
population. The eBURST population snapshot (Fig. 1) displaying
the presence of CCs against a background of diverse singletons
confirms the epidemic structure (40).
The present study revealed a higher overall genetic diversity of
F. psychrophilum in the Nordic countries (H 0.6127 0.0420)
compared to the previous global study (H 0.5333) by Nicolas et
al. (27). However, the diversity in rainbow trout isolates in Den-
mark, Finland, and Sweden was within a similar range to that
reported in France (H  0.4313) (35), while the low diversity in
correspondingNorwegian isolates reflected the dominance of one
genotype (ST2) in that country. The higher diversity observed
among non-rainbow trout isolates and the whole population in-
dicates that BCWD in rainbow trout is caused by a genetically less
diverse group of genotypes. Our study shows that since first rec-
ognition of BCWD in the Nordic countries, most outbreaks in
rainbow trout have been caused by a group of closely related
strains belonging to CC-ST10 (Table 1). Unfortunately, the pre-
viouswork regardingMLST ofNorwegian andChilean F. psychro-
philum isolates by Apablaza et al. (41) involved sequencing of
shorter loci and did not allow assigning of comparable STs. How-
ever, CC-ST10 in the present investigation includes ST2, the pre-
dicted founder in French (35), Japanese (39), Swiss (42), and
global (27) studies. The predicted founder ofCC-ST10 in the pres-
ent study has also been detected inNorthAmerica, Scotland, Swit-
zerland, Chile, and Japan (http://pubmlst.org/fpsychrophilum/).
The timeline of emergence of CC-ST10 genotypes (Fig. 3) does
not provide additional support for identification of ST2 or ST10 as
the founder of CC-ST10 as STs belonging to this CC were isolated
earlier. The sole dominance of ST2 within CC-ST10 in Norway,
post-2004, strongly supports the hypothesis of recent introduc-
tion of this ST to that country. The wide geographical distribution
of CC-ST10 genotypes and their association with the rainbow
trout host indicates a strong niche adaptation and a high trans-
missibility. The isolation of CC-ST10 genotypes from juvenile and
adult fish, eggs, and sexual fluids indicates that trade not only in
live fish but also in eggs and gametes provides the potential for
spread of this epidemic clone between countries or regions.
With the exception of ST70, the five other shared CCs (CC-
ST121, CC-ST124, CC-ST138, CC-ST191, and CC-ST236) con-
tained unique STs not identified outside the study area (http:
//pubmlst.org/fpsychrophilum/), indicating that these genotypes
may be restricted to and possibly spread between the Nordic coun-
tries by trade of rainbow trout and associated products. On the con-
trary, CC-ST90, which was identified as the second dominant CC in
France (35) andSwitzerland (42),was absent in theNordic countries.
The presence of temporally stable country-specific CCs in Finland
(CC-ST125)andNorway (CC-ST123) indicate that inaddition to the
sharedCCs, endemicF. psychrophilum genotypes have remained in
circulation causing recurrent infections.
Almost 80% of the isolates appearing as singleton STs were of
non-rainbow trout origin. Some, e.g., ST23, were recurrently
found in different host species. These singletons have been sug-
gested to represent less virulent endemic isolates or environmen-
tal strains, acting more like opportunistic pathogens compared to
other more host-specific strains (35). It is likely, therefore, that
these endemic isolates appearing as singletons and minor CCs do
not pose a direct threat to farmed rainbow trout.
Our study also revealed mixed infections in rainbow trout in-
volving isolates of distinct ST and CC, a phenomenon previously
reported in ayu in Japan (39). The ubiquity of F. psychrophilum
creates an opportunity for coinfection and subsequent recombi-
FIG 2 Annual percentages (from 1988 to 2012) of 446 rainbow trout-associated F. psychrophilum isolates of CC-ST10, other CCs, and singleton STs.
FIG 3 Timeline of emergence of different CC-ST10 STs in Nordic countries. Colors indicate the country of origin (red, Denmark; blue, Finland, green, Norway;
yellow, Sweden).
F. psychrophilum Clones in Nordic Countries
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nation in the environment and possibly within the host. These
observations show that, for the purpose of detecting andmonitor-
ing emergent F. psychrophilum genotypes, it is important to exam-
inemore than a single colony from an infected fish. To aid in rapid
differentiation of clinically relevant STs from coinfections with
distinct genotypes, an applicable examination strategy based on
phenotypically distinguishable characteristics, such as colony
morphology and antimicrobial susceptibility (32), should be
set up.
Thus far, attempts to link specific genotypes of F. psychrophi-
lum with clinical information and high mortalities in fish farms
have been limited. The predominance of ST2 in the Nordic coun-
tries, France (35), and Switzerland (42) and its association with
severe BCWD outbreaks in rainbow trout make it a genotype of
particular clinical significance. InNorway, where ST2was respon-
sible formortalities of up to 90%during an epizootic in 2008 (26),
its apparent host specificity was demonstrated during an outbreak
in which only rainbow trout fry were affected on a site also pro-
ducing Atlantic salmon juveniles. Since then, ST2 has also been
responsible for recurrent outbreaks in brackish-water-farmed
rainbow trout epidemiologically linked to the epizootics in 2008.
These ST2 isolates were shown to have a decreased sensitivity to-
ward quinolones (43), which could provide them with a selective
advantage over other strains found in fish farm environments.
However, ST2 being the only genotype of CC-ST10 found in Nor-
way where BCWD has not been a serious problem until recent
years, leads to the speculation that this newly emerged genotype of
F. psychrophilum has not yet diversified in this country andmay in
the future give rise to new epidemic clones which may threaten
Norwegian rainbow trout production. Against the current back-
ground,monitoring F. psychrophilum genotypes inNorwaywould
provide an excellent opportunity for studying the evolutionary
processes in F. psychrophilum from introduction of an epidemic
clone to diversification.
As opposed to the situation in Norway, F. psychrophilum iso-
lates from Finland showed high genotypic diversity. Although
more than half of the 196 Finnish isolates belonged to CC-ST10,
only six of them were of ST2. These ST2 isolates were collected
fromoutbreaks in two different farms in 2011, suggesting that ST2
has until recently not been able to establish a foothold in Finnish
fish farms. Historically, since the first reports of BCWD in Finland
(and Denmark), ST79 was responsible for repeated outbreaks in
rainbow trout farms but, more recently, disease outbreaks have
been associated with ST92 (Fig. 3). The Finnish CC-ST125, which
clustered together with CC-ST10 in the phylogenetic network re-
constructed with SplitsTree (Fig. 4), is also causing recurrent out-
breaks and contains genotypes associated with high virulence in
rainbow trout (44). The small genetic distance between these two
CCs suggest that STsmay exist (or have existed) which would join
these CCs together in an eBURST analysis. In Denmark, almost
80% of the isolates belonged to CC-ST10 of which ST2 and ST10
have been associated with severe disease outbreaks in rainbow
trout since 1990 until present time (Fig. 3). Most Swedish isolates
were collected from clinically affected farmed rainbow trout since
1988 and belonged to CC-ST10.
CC-ST191 and CC-ST236 are closely related CCs consisting
FIG 4 The reticulated phylogenetic structure of the neighbor-net analysis is indicative of extensive recombination of loci providing additional support for the
high estimates of recombination supported by the PHI test (P 0.0). Major CCs determined in eBURST are indicated. See the text for details.
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mainly of rainbow trout isolates, although brown trout isolates are
also represented. These CCs cluster together in the phylogenetic
network (Fig. 4) and belong in a relaxed eBURST analysis to the
same CC (Table 1), which is only distantly related to CC-ST10.
This complex includes the three ST181 isolates from rainbow
trout in Norway, all of which originated from a single outbreak in
a site which has imported rainbow trout during recent years, sup-
porting host transmission of pioneering strains to new geograph-
ical areas. Interestingly, this ST was also isolated in Denmark in
the same period, but only from the surface of fish and not in
connection with disease outbreaks.
In the present study, isolates originating from Atlantic salmon
were mainly associated with ST70 and the Norwegian CC-ST123.
ST70 was isolated several times from Norwegian Atlantic salmon
associated with systemic infections with degradation of skeletal
muscle and external lesions (5). ST70 has also been identified in
the same host species in Chile andNorth America (http://pubmlst
.org/fpsychrophilum/). The association between infections in At-
lantic salmon and specific F. psychrophilum genotypes was dem-
onstrated by the country-specific CC-ST123, which contained
almost exclusively Norwegian Atlantic salmon isolates both from
commercial and restocking sites. Whether this represents a threat
to the salmon industry remains to be seen. Phylogenetic analyses
show that the rainbow trout-specific CC-ST10 is evolutionarily
distinct from major CCs containing genotypes infecting Atlantic
salmon (Fig. 4) and those infecting ayu in Japan (39), suggesting a
mechanism for host specificity or niche adaptation in these geno-
types.
We describe here the MLST of a large collection of F. psychro-
philum isolates collected from diverse origins and years, from
aquaculture in a whole region, including different countries. This
represents a successful interlaboratory comparison of results be-
tween national laboratories and adds support to earlier hypothe-
ses that virulent variants have spread to new areas within the stud-
ied region. Implementation of a reliable typing tool enabling
global F. psychrophilum surveillance is of paramount importance
to prevent the transmission of genotypes associated with severe
disease outbreaks—in particular to countries with growing aqua-
culture production. Since the population of F. psychrophilum
seems to be epidemic, identification of highly virulent bacterial
variants is crucial in preventing the spread of epidemic clones. The
simultaneous presence of genetically divergent clones (Fig. 2)
poses an additional challenge for disease prevention and control.
The identification of CCs enables a rational selection of represen-
tative genotypes for research aiming to determine the genomic
diversity of F. psychrophilum. Further work aimed at the identifi-
cation of virulence-related loci within particular STs or CCs is
important for risk assessment and for developing tools for diag-
nostics and control. This could be accomplished by whole-ge-
nome sequencing of genotypes selected on the basis of knowledge
gained in the present and related studies.
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